Introduction {#S0001}
============

Glioblastoma multiforme (GBM) is a kind of cerebral tumors, which is derived from astrocytes.[@CIT0001]--[@CIT0003] The therapy option for GBM patients is based on surgery followed by radiation and chemotherapy with temozolomide. Despite these treatments, overall survival (about 15 months) and the 5-year survival rate (\<5%) remain very low due to its histological heterogeneity, aggressive property and poor response to radio-/chemotherapy.[@CIT0004],[@CIT0005] Thus, it is essential to understand the molecular mechanisms of GBM to improve anti-cancer strategies in GBM patients.

Epithelial--mesenchymal transition (EMT) is a well-recognized biological process, which is associated with tumor metastasis.[@CIT0006],[@CIT0007] The underlying molecular mechanisms of EMT in various cancer cells are complicated, and Smad2 has been identified as a key factor in the induction of EMT.[@CIT0008]--[@CIT0010] In addition, miRNAs, a class of small non-coding RNA, regulate gene expression by facilitating mRNA degradation or inhibiting translation of target mRNAs.[@CIT0011],[@CIT0012] MiRNAs have been demonstrated to be involved in various human diseases, and play important roles in cellular differentiation, proliferation, metastasis and EMT.[@CIT0012] Notably, aberrant miR-145 expression was also reported to be implicated in cancer progression by regulating target genes.[@CIT0013]--[@CIT0015] Using bioinformatics analysis, we found that Smad2 was also a potential candidate target of miR-145. Therefore, we assumed that miR-145 might play a tumor suppressor role in EMT of GBM through targeting the Smad2 pathway.

In the present study, we explored the role of miR-145 in cell migration, invasion and EMT of U87 and U251 cells by transfecting miR-145 mimics. Then, we investigated the regulation of miR-145 on the expression of Smad2 using the dual luciferase reporter assay. This study will identify the role for miR-145 in regulation of tumorigenicity of GBM, and elucidate that miR-145 may be a vital therapeutic target for GBM.

Materials and methods {#S0002}
=====================

Cell culture {#S0002-S2001}
------------

Human glioma cell lines U87 and U251 were obtained from the American Type Culture Collection. The U87 cells were grown in minimum essential medium (HyClone, Logan, UT, USA), and the U251 cells were maintained in Dulbecco's high-glucose modified Eagle medium (HyClone). All cells were cultured with both 10% FBS (Gibco, GrandIsland, NY, USA) and 1% penicillin/streptavidin (Gibco) and cultured at 37°C in a humidified atmosphere at 5% CO2.

Cell transfection {#S0002-S2002}
-----------------

For transfection, 2×10^5^ cells per well were placed in a 6-well plate. After adhering for 24 hrs, miR-145 mimics and negative control miRNA (miR-NC) (RiboBio, Guangzhou, People's Republic of China) were added to the transfection medium for 6 hrs at 37°C in a CO~2~ incubator. Loss of Smad2 expression was achieved using small interfering RNA (siRNA) of Smad2 (si-Smad2) (Santa Cruz Biotech, Santa Cruz, CA, USA). At the same time, control siRNAs (si-control) (Santa Cruz Biotech) were used as a negative control. The Smad2 cDNA was cloned into pcDNA 3.1 vector (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The constructs were verified by DNA sequencing. The construction and verification of the pcDNA 3.1-Smad2 plasmids was performed by Generay Biotech Co., Ltd (Shanghai, People's Republic of China). Cell transfection was carried out using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The cells were supplemented with normal culture media and cultured at 37°C with 5% CO~2~ for up to 48 hrs before harvest.

Reverse transcription-quantitative PCR (qRT-PCR) {#S0002-S2003}
------------------------------------------------

TRIzol Reagent (Thermo Fisher Scientific, Inc.) was used to extract total RNA from U251 cells, in accordance with the manufacturer's instructions. A RevertAid First Strand cDNA Synthesis kit (Fermentas; Thermo Fisher Scientific, Inc., Pittsburgh, PA, USA) was used to reverse transcribe total RNA into cDNA, according to the manufacturer's protocol. The miRNA expression was determined using a PrimeScript® miRNA RT-PCR kit (Takara Biotechnology Co., Ltd., Dalian, People's Republic of China), in accordance with the manufacturer's instructions. The PCR conditions were 95°C for 10 mins, and 40 cycles of denaturation at 95°C for 30 s and annealing/elongation at 60°C for 30 s. The primer sequences were purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). All miRNA data are expressed relative to a U6 small nuclear RNA from the same sample. Independent experiments were repeated three times. The relative expression levels of mRNA were analyzed by use of the 2^−∆∆Cq^ method. The primer sequences were listed as below:

miR-145:

Forward primer 5ʹ-GGCGTCCAGTTTTCCCAG-3ʹ

Reverse primer 5ʹ-CAGTGCTGGGTCCGAGTGA-3ʹ

U6 SnRNA:

Forward primer 5ʹ-GCGCGTCGTGAAGCGTTC-3ʹ

Reverse primer 5ʹ-GTGCAGGGTCCGAGGT-3ʹ

Western blot {#S0002-S2004}
------------

Cells were lysed by ice-cold lysis buffer (Cell Signaling Technology, Beverly, MA, USA) with added protease inhibitor cocktail (Sigma-Aldrich, St Louis, MO, USA). Extracts were centrifuged at 13,000 r.p.m. for 15 mins at 4°C and supernatant protein concentrations were determined using standard BSA method. Equal amounts of proteins were separated by Tris-glycine SDS-PAGE and electrotransferred to polyvinylidene fluoride membranes. Membranes were blocked with Tris-buffered saline containing 5% (wt/vol) non-fat dry milk for 1 hr and then immunoblotted overnight at 4°C with specific primary antibodies diluted in Tris-buffered saline with 5% (wt/vol) non-fat dried milk and 0.1% (vol/vol) Tween-20. After incubation with appropriate horseradish peroxidase-conjugated secondary antibody for 1 hr at room temperature, signals were detected with enhanced chemiluminescent and CL-XPosure film (Thermo Fisher Scientific, Inc.).

Migration and invasion assays {#S0002-S2005}
-----------------------------

Firstly, cell migration assay was carried out using Tran-swell chambers without Matrigel®. However, the invasion assay was carried out using Transwell chambers (8 µm) containing Matrigel® (BD Biosciences, Franklin Lakes, NJ, USA). After 48 hrs incubation, 5×10^4^ of cells in FBS-free DMEM were inoculated in the upper chambers. The bottom chambers were covered with 600 µL DMEM containing 20% FBS, which acted as the nutritional attractant. After 24 hrs of incubation at 37°C with 5% CO~2~, cells invading the filter membranes were fixed with 4% paraformaldehyde and stained with 0.05% crystal violet (Beyotime Institute of Biotechnology, Shanghai, China). Cells in at least five randomly selected visual fields were counted and expressed as the average number of cells per field of view using an inverted microscope (IX83; Olympus, Tokyo, Japan).

Bioinformatics {#S0002-S2006}
--------------

Analysis of potential miR-mRNA interactions was performed using the public databases TargetScan, PITA, miRIAD and picTAR. Potential direct interactions were considered probable when two or more algorithms returned a positive target prediction. In-silico analysis of miR expression levels was conducted using the intragenic microRNA database miRIAD (<http://bmi.ana.med.uni-muenchen.de/miriad/>). Involvement of target genes in tumor-associated pathways was evaluated using the KEGG database ([www.genome.jp/kegg/pathway.html](http://www.genome.jp/kegg/pathway.html)).

Luciferase reporter assay {#S0002-S2007}
-------------------------

The 3′-UTR sequence of Smad2 containing the predicted miR-145 binding sites cloned into downstream of the luciferase gene in the luciferase reporter vector (Promega Corporation, Fitchburg, WI, USA) was named as Smad2 wild type (WT). The mutant type of Smad2 lacking complementarities with miR-145 binding sequence in the 3′-UTR region was also constructed and named as Smad2 mutant (MUT). Then, luciferase reporter vectors and miR-145 mimics were transfected into HEK-293T cells using Lipofectamine 2000 (Thermo Fisher Scientific). After 48 hrs, the luciferase activity was measured using a Dual-Luciferase Reporter detection System (Promega Corporation). The relative luciferase activity was expressed as the ratio of firefly luciferase to Renilla luciferase activity.

Statistical analysis {#S0002-S2008}
--------------------

All experiments were conducted a minimum of three times independently, with similar results. Quantitative data is represented by means±standard error of the mean. Data were analyzed via GraphPad Prism 7.0. Statistical analysis was conducted by using one-way ANOVA followed by Dunnett's multiple comparisons test. *P*-values for 95% CI were calculated. *P*\<0.05 was considered statistically significant.

Results {#S0003}
=======

EGF activates Smad2 in U87 and U251 cells {#S0003-S2001}
-----------------------------------------

Previously, some studies demonstrated that EGF induced EMT in GBM cells. In view of the important role of Smad family in EMT, we firstly investigated the effect of EGF on the total expression and phosphorylation of Smad2. We found that EGF activated the phosphorylation of Smad2 in U87 and U251 cells in a time- and dose-dependent manner (*P*\<0.001). Specifically, the level of phospho-Smad2 reached its maximum levels in U87 and U251 cells at a concentration of 30 ng/mL EGF after treatment with different dosage ([Figure 1A](#F0001){ref-type="fig"}). In addition, the level of phospho-Smad2 reached a peak at 8 hrs after EGF treatment in U87 and U251 cells ([Figure 1B](#F0001){ref-type="fig"}). However, EGF treatment did not affect the total expression level of Smad2 in U87 and U251 cells.Figure 1EGF activates Smad2 in U87 and U251 cells. (**A**) U87 and U251 cells cultured in serum-free medium were treated with vehicle (0.1% DMSO) or increasing concentrations of EGF for 8 hrs. Western blot was incubated with anti-phospho-Smad2 and anti-Smad2 antibodies. (**B**) Cells were incubated with 30 ng/mL of EGF for the indicated time after serum starvation. The phosphorylation levels of Smad2 and total Smad2 were analyzed by Western blot at indicated time points. Phospho-Smad2 expression was normalized with total Smad2. All data represent the mean±SEM of three independent experiments with similar results. *P*-value was calculated compared with untreated control cells. \**P*\<0.01 or a significant difference between the two test groups.**Abbreviations:** EGF, epidermal growth factor; SEM, standard error of the mean.

Knockdown of Smad2 suppresses EGF-induced EMT {#S0003-S2002}
---------------------------------------------

In this work, the role of Smad2 in EMT of GBM was investigated using a specific RNA interference. Here, U87 and U251 cells were transfected with si-control or si-Smad2. Firstly, we identified that si-Smad2 suppressed the expression of total Smad2 and the phosphorylation level of Smad2 in U87 and U251 cells ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). In addition, EGF increased the expressions of N-cadherin, Vimentin and MMP9 in si-control-transfected U87 and U251 cells compared with those in control cells with the absence of EGF ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). However, EGF-induced effects were partially repressed in si-Smad2-transfected U87 and U251 cells. In addition, Smad2 silencing increased the expression of E-cadherin in EGF-induced U87 and U251 cells. To further validate the impact of Smad2 on EMT, Transwell assay was carried out. Matrigel-coated (for invasion) or uncoated (for migration) Transwell assays showed that knockdown of Smad2 drastically decreased the migration (about 55%) and invasiveness (about 59%) of U87 and U251 cell lines (*P*\<0.01, [Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). These results confirmed that knockdown of Smad2 suppresses EGF-induced EMT.Figure 2Knockdown of Smad2 suppresses EGF-induced EMT. (**A**) U87 cells were transfected with the si-Smad2 or si-control, and subjected to vehicle (0.1% DMSO) or 30 ng/mL of EGF for 8 hrs, and the EMT markers (E-cadherin, N-cadherin, Vimentin and MMP9) were then detected by Western blotting. (**B**) U251 cells were transfected with the si-Smad2 or si-control, and subjected to vehicle (0.1% DMSO) or 30 ng/mL of EGF for 8 hrs, and the EMT markers were then detected by Western blotting. (**C**) Transwell assay was used to detect impaired migration ability of U87 and U251 cells under si-Smad2 or si-control treatment and their quantitative analysis. (**D**) Transwell assay was used to detect the invasion ability of U87 and U251 cells under si-Smad2 or si-control treatment and their quantitative analysis. Quantitative data are presented as the mean±SEM from three independent experiments. Experimental groups were compared to the negative control group. \**P*\<0.01, compared with EGF alone or si-Smad2 alone group. "EGF +" means "30 ng/mL of EGF"; "EGF −" means "0.1% DMSO"; "si-Smad2 +" means "si-Smad2"; "si-Smad2 −" means "si-control". Bar =50 μm.**Abbreviations:** EGF, epidermal growth factor; EMT, epithelial--mesenchymal transition; MMP9, matrix metallopeptidase 9; SEM, standard error of the mean.

miR-145 suppresses the expression of total Smad2 to affect EMT {#S0003-S2003}
--------------------------------------------------------------

Previously, miR-145 mimics inhibited the EMT of U87 and U251 cells. To examine roles of miR-145 in regulating Smad2 and EMT, we transfected synthetic oligo mimics for miR-145 into U87 and U251 cells. Expression of miR-145 was increased around 10-fold after 48 hrs of transfection with its mimics ([Figure 3A](#F0003){ref-type="fig"}). To figure out whether miR-145 exerted a tumor-suppressor effect on GBM through targeting Smad2, we conducted gain of function and rescue experiments in U87 and U251 cells. We found that in the presence of EGF, overexpression of miR-145 significantly decreased endogenous Smad2 expression, and phosphorylation level as well as protein levels of EMT biomarkers in U87 (*P*\<0.01, [Figure 3B](#F0003){ref-type="fig"}) and U251 cells (*P*\<0.01, [Figure 3C](#F0003){ref-type="fig"}). Conversely, miR-145 mimics significantly induced E-cadherin expression, while the expressions of N-cadherin, Vimentin and MMP9 were significantly decreased in miR-145 mimics-induced U87 (*P*\<0.01, [Figure 3B](#F0003){ref-type="fig"}) and U251 cells (*P*\<0.01, [Figure 3C](#F0003){ref-type="fig"}). Intriguingly, using qRT-PCR, we found that Smad2 mRNA level did not change in miR-145 transfected cells compared with the control group, indicating that miR-145 regulates Smad2 only at a posttranslational level.Figure 3Effects of miR-145 mimics on the expressions of Smad2 and EMT biomarkers. (**A** and **B**) U87 cells were co-transfected with miR-145 mimics or miR-NC. Cells were isolated and the expression of Smad2 and EMT biomarkers was analyzed by Western blotting after 48 hrs. (**C**) U251 cells were co-transfected with miR-145 mimics or miR-NC, and then the expressions of Smad2 and EMT biomarkers were analyzed by Western blotting after 48 hrs. (**D**) Transwell assay was used to detect impaired migration ability of U87 and U251 cells under si-Smad2 or si-control treatment and their quantitative analysis. (**E**) Transwell assay was used to detect the invasion ability of U87 and U251 cells under si-Smad2 or si-control treatment and their quantitative analysis. Quantitative data are presented as the mean±SEM from three independent experiments. Experimental groups were compared to the negative control group. \**P*\<0.01, compared with EGF alone or miR-145 mimics alone group. "EGF +" means 30 ng/mL of EGF; "EGF −" means "0.1% DMSO"; "miR-145 mimics +" means "miR-145 mimics"; "miR-145 mimics −" means "miR-NC". Bar =50 μm.**Abbreviations:** EMT, epithelial--mesenchymal transition; SEM, standard error of the mean.

Further, we explored the impact of miR-145 on migration and invasion. Matrigel-coated (for invasion) or uncoated (for migration) Transwell assays showed that miR-145 overexpression drastically decreased the migration (about 55%) and invasiveness (about 56%) in U87 and U251 cell lines (*P*\<0.01, [Figure 3D](#F0003){ref-type="fig"} and [E](#F0003){ref-type="fig"}). These findings confirmed miR-145 suppresses the expression level of total Smad2 to affect EMT.

miR-145 directly targets 3′-UTR of Smad2 {#S0003-S2004}
----------------------------------------

Analysis of potential miR-mRNA interactions was performed using the public databases TargetScan, miRIAD and picTAR, and the results showed that Smad2 was a target gene of miR-145 ([Figure 4A](#F0004){ref-type="fig"}). To identify whether the predictive binding site of miR-145 on the 3′-UTR of Smad2 was required for this regulation, we cloned the WT or MUT Smad2 3′-UTR downstream of a luciferase reporter gene. Moreover, we co-transfected WT or MUT Smad2 vectors and miR-145 mimics into HEK-293T cells. We found that the co-transfection of WT Smad2 3′-UTR and miR-145 mimics into HEK-293T cells markedly reduced luciferase activity (*P*\<0.01, [Figure 4B](#F0004){ref-type="fig"}). However, overexpression of miR-145 produced no significant change in luciferase activity in HEK-293T cells transfected with MUT Smad2 3′-UTR (*P*\<0.01, [Figure 4C](#F0004){ref-type="fig"}).Figure 4MiR-145 directly targets the 3ʹ-UTR of Smad2 mRNA. (**A**) Base pairing between miR-145 and target sequences of Smad2. (**B** and **C**) HEK-293T cells were co-transfected with WT or MUT pMIR-Smad2 firefly luciferase reporter plasmids, pTK-Renilla luciferase plasmids, together with different concentrations of miR-145 mimics (10, 20, 30, 40 and 50 nM). Firefly luciferase activity was measured and normalized by Renilla luciferase activity after 36 hrs. Quantitative data are presented as the mean±SEM from three independent experiments. The data were subjected to Dunnett\'s Student's *t*-test. \**P*\<0.01 vs miR-NC.**Abbreviations:** WT, wild type; MUT, mutant; SEM, standard error of the mean.

Restored Smad2 attenuates miR-145-inhibited EMT {#S0003-S2005}
-----------------------------------------------

Because Smad2 was a novel target of miR-145 in U87 and U251 cells, we further investigated whether Smad2 was involved in miR-145-inhibited EMT of U87 and U251 cells. As shown in [Figure 5A](#F0005){ref-type="fig"} and B, overexpression of Smad2 partially inhibited the miR-145-increased expression of E-cadherin and induced the miR-145-decreased expressions of N-cadherin, Vimentin and MMP9 in U87 and U251 cells. In addition, Transwell assay showed that the overexpression of Smad2 could reverse miR-145-inhibited migration and invasion compared with the vector group in U87 and U251 cells (*P*\<0.01, [Figure 5C](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}).Figure 5The effect of miR-145 on EMT was mediated by Smad2. Cells in each group were treated with 30 ng/mL of EGF for 8 hrs. (**A** and **B**) The expression levels of EMT biomarkers after transfected with miR-145 mimics, Smad2 plasmids or control. (**C**) Uncoated Transwell assay was used to assess the migration effect of miR-145 mimics or Smad2 plasmids on U87 and U251cells. (**D**) Matrigel-coated Transwell assay was used to assess the invasiveness effect of miR-145 mimics or Smad2 plasmids on U87 and U251 cells. Each experiment was assayed in triplicate independently. Data were represented as mean±SEM. \**P*\<0.01, compared with miR-145 mimics alone or Smad2 plasmids alone group. "miR-145 mimics +" means "miR-145 mimics"; "miR-145 mimics −" means "miR-NC". "Smad2 plasmids +" means "Smad2 plasmids"; "Smad2 plasmids −" means "vector". Bar =50 μm.**Abbreviations:** EMT, epithelial--mesenchymal transition; SEM, standard error of the mean.

Discussion {#S0004}
==========

To date, miRNAs have been reported to be implicated into some biological processes, including tumorigenesis and inflammatory response in numerous human diseases.[@CIT0015]--[@CIT0017] As known to all, miR-145 has been reported to exert different effects on the development and progression of cancers. MiR-145 was additionally demonstrated to suppress TGF-β-induced EMT of non-small cell lung cancer by targeting MTDH and MAP3K1, or regulating the BAX/BCL-2 ratio and the caspase-3 cascade.[@CIT0016]--[@CIT0018] Recently, it was demonstrated that miR-145 promoted esophageal cancer cells proliferation and metastasis by targeting SMAD5.[@CIT0019] Besides, Smad2/3 signals are translocated from the cytoplasm to the nucleus and to regulate matrix protein production, target gene transcription, and extracellular matrix synthesis and degradation.[@CIT0020] Smad2 pathway contributes to EMT in colorectal cancer and gastric cancer.[@CIT0021],[@CIT0022] EGF also activated the phosphorylation of Smad2 to participate in the EMT.[@CIT0023] Together with this analysis, miR-145 or Smad2 may play an anti-oncogenic role in GBM. However, the molecular mechanisms of miR-145 and Smad2 in GBM have been rarely reported till now.

The present study aimed to investigate the underlying mechanisms of miR-145 and Smad2 in the regulation of EMT of GBM. Firstly, we demonstrated that EGF effectively induced the phosphorylation of Smad2 in U87 and U251 cells in a time- and dose-dependent fashion. Based on the previous report, we further investigated the effect of miR-145 in EGF-induced EMT. The process of EMT in cancer cells confers properties that enhance their metastatic ability via increased motility and invasiveness, the ability to dismantle the extracellular matrix, and an increased potential to induce a stem cell-like state.[@CIT0009],[@CIT0010] Here, treatment with silencing of Smad2 or miR-145 mimics significantly inhibited the expressions of total Smad2 and E-cadherin, but induced N-cadherin, Vimentin and MMP9. In addition, either silencing of Smad2 or miR-145 mimics also inhibited the migration and invasion of U87 and U251 cells. These findings above indicated that miR-145 was indeed involved in cell migration and invasion through the regulation of EMT.

In most cancer cells, miRNAs regulate gene expression by switching off gene expression or degrading mRNA at the posttranscriptional level.[@CIT0006] Deregulated miRNAs function as either oncogenes or tumor suppressor genes in multiple cancer types.[@CIT0007] Among them, miR-145 has been reported to significantly affect oncogenicity in various neoplasms by binding to critical genes and signaling pathways, inhibiting the progression of cancers. Jiang et al reported that miR-145 targeted hepatitis B virus X-interacting protein to modulate breast cancer cell proliferation.[@CIT0015] Pan et al demonstrated that miR-145 suppressed the proliferation, invasion and migration of lung cancer cells by regulating the BAX/BCL-2 ratio and the caspase-3 cascade.[@CIT0017] Zhang et al suggested that miR-145 promotes esophageal cancer cells proliferation and metastasis by targeting SMAD5.[@CIT0019] In this work, miR-145 decreased Smad2 expression in U87 and U251 cells by directly targeting 3′-UTR of Smad2. The present study also confirmed Smad2 overexpression restored cell migration and invasion, and also effectively reversed the effect of miR-145 on GBM. Therefore, Smad2 is indeed a functional target gene of miR-145 in human GBM.

Conclusion {#S0005}
==========

The findings above indicated that miR-145 repressed cell migration, invasion and EMT in human GBM cells by targeting Smad2 pathway. The present study confirmed the tumor-suppressive role of miR-145 in EMT of human GBM. Therefore, this study provided a novel insight into the underlying mechanisms of GBM progression, suggesting that miR-145 may be used as a novel candidate therapeutic target in GBM.
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